The performance of multilayer structures as x-ray, soft x-ray and extreme ultraviolet optics is dependent on the nature of the interfaces between constituent layers. Interfacial structure and t h e interaction between atoms at interfaces have also been demonstrated to have significant impact on t h e physical properties of multilayer materials in general and thus on their performance in other applied areas. As short summary of the approaches to characterization of interfaces in multilayer structures is presented as background. Two new techniques for the experimental evaluation of interfacial structure and interfacial structure effects are then considered and examples presented. Model calculations for one of these techniques which support the experimental results are also presented. In conclusion these results are reviewed of and an assessment of their implications relative to multilayer development given.
Interface Reaction Characterization and Interfacial Effects in Multilayers
INTRODUCTION
Interfacial reactions between the elemental constituents in the component layers of multilayer structures can have a substantial effect on the properties 1 of these advanced materials. For example, the performance of nano-scale multilayer structures as efficient reflecting X-ray (XR), Soft X-ray (SXR) and Extreme Ultra-Violet (EUV) optic components 2, 3 is strongly dependent on interface factors. Such factors are both intrinsic to the nature of the interfaces between the layers and the materials in t h e layers as well as extrinsic and determined by the nature of the synthesis process, the environment during synthesis and substrate surface defects. The impact of such interfacial factors has been clearly demonstrated in the performance and stability of multilayer x-ray optic elements based on t h e molybdenum-silicon binary alloy system. This material pair is most often used in the Extreme UltraViolet (125 to 340 Å) where it yields very high reflectivity optics that may be applied in imaging systems to achieve diffraction limited resolution. Characterization and understanding of t h e interfacial reaction processes and stabilization of interfacial reactions in this material pair as well as in other short wavelength optics material sets appropriate to other spectral domains is thus crucial to the development and application of these nano-structure materials as high efficiency optic elements.
Approaches to experimentally assessing interfacial reactions and interfacial stability are reviewed and experimental results for two new approaches to interface structure effects presented and analyzed. The performance of a multilayer structure fabricated from components selected on the basis one of these new interfacial character characterization techniques are also presented. The paper is concluded with a discussion and summary intended to provide guidance in the development of new multilayer materials.
BACKGROUND
The earliest general approach to the effects of interface structure on x-ray optic multilayer performance was to measure the reflectivity of the multilayer 4 and then infer from a total integrated scatter (TIS) analysis a scalar length assumed to be characteristic of interface imperfections. Although this approach allowed comparison of results for different processes or materials little understanding could be gained from the data. The basis for this weakness is that there are several interfacial chemical and structural factors that must be considered whose effects cannot be separated without substantial additional data. The first efforts to provide this additional characterization were several studies of the development of interfacial roughness or atomic interdiffussion as individual films of t h e components materials to be applied in a multilayer were deposited. The techniques applied in this work were soft SXR scattering 5 and ellipsometry 6, 7 . The results of this work provided substantial guidance to the multilayer optics community and enabled the first stages of the materials engineering of multilayer XR, SXR and EUV optic structures. These efforts provided data that showed that there were materials that exhibited very smooth growth behavior and appeared to have good x-ray optic multilayer performance. Subsequently the primary effort centered on the development of more complete analytical descriptions 8 of the effects of imperfections. This then enhanced our ability to unfold t h e magnitude of the effects of imperfections on multilayer performance. More recently high resolution transmission electron microscopy (TEM) 9, 10 has yielded both quantitative and qualitative information providing substantial guidance to the efforts to develop higher performance multilayer structures.
then a layer of longitudinally varying thickness of a second material deposited on the first layer.
Auger spectra are then obtained as a function of the thickness of the second layer and provide a measure of the degree and type of chemical reaction at the buried interface.
These physical characterization approaches all test a limited set of elements in a multilayer they study a single interface or a single layer of a multilayer component material and thus only a very small sample of a multilayer. In addition to establishing that a chemical reaction is occurring at t h e interfaces it is necessary to know the magnitude of the change in the multilayer period resulting from that chemical reaction. On a broader basis, the interference phenomena on which the performance of xray optic multilayers is based integrates over the full area/volume of the multilayer illuminated. To gain an increased understanding of the impact of imperfections on multilayer performance I believe it is necessary to develop an experimental approach that provides detailed information about interfaces in the multilayer obtained when it is being characterized in a manner directly related to its application.
The implementation of two new physical techniques designed to contribute to these two areas is discussed in the next section.
EXPERIMENTAL DESIGN AND SAMPLE FABRICATION

Interfacial Chemical Reaction -Multilayer Period
The first step is to calibrate the two materials to be used in the multilayer by determining t h e layer thicknesses deposited for each material as a function of sputter deposition parameters and substrate motion. The multiple period structure is then designed and fabricated so that the sequence in 
X-ray Standing Wave Fluorescence
The effects of an unknown interface structure in a multilayer on its properties are often only available through measurements of the multilayers performance. Therefore, access to an experimental technique which enables characterization of interface structural parameters as a direct result of a standard x-ray optical measurement such as reflectivity is desirable. It is well known that at the Bragg peak an x-ray standing wave is established in a periodic structure such as a multilayer 12 . At fixed xray wavelength this standing wave sweeps a distance of half the multilayer period through t h e multilayer as the Bragg peak is scanned in angle space. The nodes and anti-nodes of this standing wave field sweep over the interfaces and, in principle, provide a probe for sampling the interface structure.
Samples were designed to determine the effects of interface imperfection on mutlilayer performance using this characteristic of the diffraction process. The initial objective with these samples was to determine the impact of imperfection position on the two characteristic interfaces on performance. A second objective was to extend the experiments to determine the role of other interface defects i f warranted.
Samples with a monolayer thick marker layer deposited at specified interfaces that may be fluoresced by the standing wave field as it sweeps through the mutlilayer are described and experimental results obtained at the Stanford Synchrotron Radiation Laboratory BL -10 reported. Two multilayer samples, 110 and 111, designed to use the standing wave to sample interface structure were fabricated and characterized. The multilayers were synthesized using standard magnetron sputter 
EXPERIMENTAL RESULTS AND MODELING
Interfacial Chemical Reaction -Multilayer Period
The sample reported on here was designed to have periods of Mo 2 C-Si multilayers, operating at near normal incidence over the wavelength range 130 Å to 320 Å with γ values ranging from 0.13 to 0.5 have been fabricated and characterized. At this time t h e multilayers are generally observed to have efficiencies above 88% of that calculated for a perfect multilayer. In several cases performance essentially equal to that predicted for a perfect structure was observed. Figure 3 compares reflectivities measured at two laboratories on two separate samples deposited on 1 in. dia. super polished fused silica substrates in the same sputtering run to calculations for an ideal structure . The agreement is excellent. We are pursuing this observation to gain sufficient understanding to enable generalization to other materials as well as the ability to routinely reproduce this result.
X-ray Standing Wave Fluorescence Characterization
X-ray reflectivity and standing wave experiments on multilayer samples are performed a t extreme grazing angles of incidence (0 to 3 deg.) by scanning angle at fixed photon energy or by scanning that control of the structure at a specific multilayer interface site is of primary importance to performance. The general agreement between experiment and calculation indicate that model calculations can be applied to determine the relative importance of imperfections at the two interfaces characteristic of multilayer structures.
CONCLUSIONS
One focus here is on the experimental approaches to characterizing the importance of the many structural factors that determine the performance of XR, SXR and EUV multilayer optics. Note t h a t the optical constants of the multilayer components, substrate defects and other factors which may lead to interfacial defects are not considered. This component of the effort examines the impact of interfacial defects in multilayer structures irrespective of their origin. A second focus is on materials selection for multilayer optics again with an emphasis on interfaces. In this case the emphasis is on t h e properties of the materials as they are deposited one on another and the intrinsic growth characteristics of the individual layer materials themselves. Both areas are mutually complementary.
Effect of Interfacial Chemistry
The primary emphasis of the characterization work reported in this paper was interfaces in multilayers. The first experimental technique was limited to a very small sampling of a multilayer by the application of transmission electron microscopy to image mult-period structures in cross-section. W e demonstrated that it is possible to accurately determine the incremental decrease in the multilayer period due to interface chemistry and to assess the structural and chemical quality of the interfaces formed using this approach. This approach can be generalized and applied to other material pairs as it is not material specific.
X-ray Characterization of Interfaces in Multilayers
The second characterization approach was developed with the intent of sampling the entire active volume in a given multilayer structure. This was selected as the goal as diffraction integrates in a complex manner over the whole volume of the sample which is illuminated. The approach taken was to essentially "TAG" the interfaces with near monolayer thick marker layers which could be selectively fluoresced by the Bragg diffraction standing wave field at appropriate x-ray energies. The atomic distribution of this marker layer and its planarity can be unfolded from the standing wave fluorescence data. In this work the effect of an absorbing layer at multilayer interfaces was explored as it provided the clearest information on the relative impact of imperfections at WC on C interfaces or C on WC interfaces. These experiments demonstrated that the perfection of a specific set of interfaces in a multilayer structure is primary to its performance. Additionally, the technique also provides access to information concerning interfacial roughness and atomic interdiffussion of materials. This has not been discussed as the general quality of the WC-C multilayer was excellent so that little could be gained by a detailed analysis.
